ABSTRACT
Introduction
Nonsteroidal anti-inflammatory drugs (NSAIDs) are the most commonly-used class of drugs in the world 1 and are used to treat a number of clinical symptoms, including acute pain 2 .
NSAIDs inhibit the activity of cyclooxigenases (COXs) and are classified as selective (selective COX-2 inhibitors) or non-selective (COX-1 and COX-2 inhibitors), according to their mechanism of action 3 . Thromboxanes and prostanoids are products of COX-1 and COX-2, respectively, and are involved in the maintenance of homeostasis of different organs and systems (e.g., gastrointestinal tract, kidney, heart, lung, brain, and platelets) 4 .
COX-1 is also called a constitutive enzyme and is involved in cell function, regeneration and repair, whereas COX-2, which is called an inducible enzyme, depends on an inflammatory process or the malfunction of the aforementioned organs and systems 3, 4 .
However, the detection of COX-2 in the kidneys under normal conditions or under conditions of impaired renal blood flow (RBF) and glomerular filtration rate (GFR) has attracted the attention of researchers to the role of these drugs in maintaining renal function [4] [5] [6] .
Parecoxib sodium is the only COX-2-selective NSAID available in injectable form and approved for clinical use and has comparable efficacy to that of non-selective NSAIDs 7 .
However, administration of parecoxib may affect renal function in an unknown way, especially in situations of diminished renal perfusion such as dehydration, hemorrhage, heart failure, low-salt diets, and stroke 3, 8, 9 . Renal function can be monitored using the neutrophil gelatinase-associated lipocalin (NGAL) biomarker, whose expression is induced by renal epithelial injury. In fact, NGAL is one of the earliest markers of renal injury after ischemia or nephrotoxic injury in animal models 10 .
There is no consensus on the effect of parecoxib on renal function. For instance, Patel et al. 11 used the concentration of creatinine in ischemia/reperfusion models in rats and showed that parecoxib increases renal dysfunction and injury associated with this form of renal stress. Conversely, Hauser et al. 12 showed that parecoxib attenuates renal function impairment during porcine suprarenal aortic cross-clamping.
This study aimed to evaluate the effects of parecoxib on renal function by measuring plasma NGAL levels in an inducedischemia model in rats and histologically evaluate possible lesions.
Methods
The study was approved by the UNESP Ethics Committee on Animal Use. This is a prospective, randomized blind study. Forty male Wistar rats weighing more than 250 g were used. The sex of the animals, the experimental model, and the sample size were determined based on a previous study from our group that used the same methodology 13 The animals were anesthetized with isoflurane, intubated, and kept under mechanical ventilation. Body temperature was kept between 36° and 37°C using a heating pad, and mean arterial pressure (MAP), heart rate (HR), and body temperature were continuously monitored using a multi-parameter monitor. This immunoenzyme assay detects the specific plasma antibody by antigen-antibody interaction.
Right and left kidneys were stored separately in DuboscqBrasil solution for 24 h and then transferred to 70% ethyl alcohol.
The Duboscq-Brasil solution is used to preserve and fixate renal structures and increase the reliability of the histological analysis.
Histological sections were stained with hematoxylin-eosin and evaluated with a light microscope for percentage of tubular necrosis by a pathologist who was blind to which experimental groups the samples belonged to, and classified using the scale proposed by Park et al. 13 ( Table 2 ). The following microscopic criteria were used to determine the necrosis of tubular cells:
pyknosis, karyorrhexis or karyolysis, and chromatolysis.
also differed significantly between groups: at T1, MAP was higher in the I group than in the NIP group (p = 0.03), whereas at T2, MAP was lower in the IP than in the NIP group (p = 0.01); at T3, MAP values were highest in the I group (p = 0.001). No significant differences in MAP were observed between the I and NI groups at any times, but MAP values were higher in T1 than in T2 and T3 in the IP group (p = 0.007) and in T2 than in T1 and T3 in the NIP group (p = 0.0002) (Figure 1 ). In addition, no significant differences in heart rate and body temperature were observed between groups. All analyses were performed using the Stata/SE 9.0 software for Windows (Stata Corporation, College Station, Texas, USA). The significance level was set at p<0.05.
Degree of injury

Results
Mean body weight was higher in the I and NI groups than in the IP and NIP groups (p < 0.05). Mean arterial pressure (MAP) NGAL serum levels differed significantly between groups and times (Table 3) . NGAL levels were significantly higher at T4 relative to the other time points in all groups: I (p = 0.006), IP (p < 0.001), NI (p < 0.001), and NIP (p < 0.001). In addition, no differences in NGAL levels were observed between groups at T1 and T2. Conversely, NGAL levels were significantly higher in the I group than in the IP, NI, and NIP groups at T3 (p = 0.03) and T4
(p = 0.002) ( Table 3) .
For the histological analysis, right kidneys in all experimental groups had a score of zero for acute tubular necrosis.
Animals in the NI and NIP groups, which had not received renal ischemia-reperfusion but only systemic injection of antiinflammatory drugs, also had a score of zero for acute tubular necrosis. The left kidneys of animals in the I and IP groups, which had been subjected to ischemia-reperfusion and administration of parecoxib (IP), had varying scores of acute tubular necrosis.
Lesions were more frequent in rats in the I group, in which seven animals had lesions, with scores ranging from 1-4 (mild to moderate lesions), and less frequent in the IP group, in which only one animal had a renal injury with a score of 2 (mild lesion). Thus, tubular lesions were more frequent in the I group than in the IP, NI, and NIP groups ( Figure 2 ).
The medians of lesion severity and intensity were higher in the I and IP groups than in the NI and NIP groups. Lesion severity ranged from mild to severe (Table 4) .
Comparison between times: I: T1 < T4, T2 < T4, T3 < T4 (p = 0.006); IP: T1 < T4, T2 < T4, T3 < T4 (p < 0.001); NI: T1 < T4; T2 < T4, T3 < T4 (p < 0.001); NIP: T1 < T4, T2 < T4, T3 < T4 (p < 0. Time  T1  T2  T3  T4  I 15 
Group
Discussion
In this study, we used the ischemia/reperfusion model developed for kidney function and injury studies at the Department of Anesthesiology, Botucatu Medical School. This model consists of right nephrectomy in all animals, followed by randomization of the animals into four groups of 10 animals per group: Ischemia, Ischemia + drug, Non-ischemia, and Non-ischemia + drug. Thus, parecoxib was tested in two groups, in the presence and absence of I/R (IP and NIP groups), and NGAL levels were measured in all groups at four times to evaluate renal function.
Nephrectomy followed by ischemia/reperfusion may trigger mechanisms of renal preconditioning, reducing histological lesions and preserving or facilitating recovery of renal function in the ischemic kidney. For instance, animals that had not been nephrectomized prior to ischemia/reperfusion had oliguric renal failure, whereas animals that had been nephrectomized prior to I/R developed polyuric renal failure with better prognosis and recovery of renal function. The incidence of renal lesions in the ischemic kidney was also higher in non-nephrectomized animals.
Plasma renin activity and renin content in the post-ischemic kidney increased significantly in nephrectomized rats. Conversely, the levels of thromboxane A2 and endothelin, which are responsible for renal vasoconstriction, were higher in non-nephrectomized rats 17 .
Renal susceptibility to ischemic injury is directly related to body temperature. Thus, maintaining body temperature within a constant range and recording it is essential for the validation of results, especially in ischemic models. In the absence of ischemic stress, temperatures above 38°C do not alter renal morphology and function. However, hyperthermia has been shown to cause severe lesions in ischemia-reperfusion models. Conversely, temperatures below 35°C provided a protective effect, resulting in mild, reversible lesions and renal recovery 24-48 h after ischemic injury.
In our study, all animals were normothermic, with temperatures ranging between 36 and 37°C, a temperature range that favors a rapid recovery from ischemic renal injury. Thus, no significant differences in body temperature were observed during the study.
Similarly, heart rate did not differ significantly between groups 15, 16 .
The right nephrectomy and stable temperature resulted in similar ischemic preconditioning and susceptibility to renal injury in all groups, which reinforces our choice of using this model to evaluate the influence of parecoxib on renal function in experimentally simulated simulations that are frequent in clinical practice such as hemorrhage, dehydration, heart failure, surgery performed under extracorporeal circulation, and shock.
Mean body weight was higher for animals in the I and NI groups than in the IP and NIP groups. However, we believe that this weight difference between groups had no effect on data collection because we used the human-equivalent parecoxib dosage based on FDA guidelines for animal testing. Additionally, all animals weighed more than 250 g, which was the minimum weight for inclusion in the study. Moreover, volume replacement was based on the individual weight of each animal 14 .
The effects of NSAIDs on blood pressure have been investigated in several experimental trials and in heterogeneous populations 18, 19 . COX-2-derived prostanoids such as PGE-2 and PGI-2, which act on renal tubules and ducts and on the macula densa, respectively, modulate the resorption of sodium and water and stimulate the production and release of renin, which acts as a potent systemic and renal vasoconstrictor 3, 20 . This action increases the resorption of sodium/ water and the secretion of potassium and maintains the glomerular filtration rate (GFR) and renal homeostasis, especially in situations of hemodynamic impairment and consequent renal injury 21 . Additionally, COX-1 prostanoids such as thromboxane also act as vasoconstrictors and increase the resorption of sodium and water 3 .
NSAIDs are well-tolerated by individuals without impaired renal function and who do not depend on the COX system to maintain renal hemodynamics. However, NSAIDs should be used with caution in older individuals and in those with congestive heart failure, liver cirrhosis, low-salt diets, or in situations of hypovolemia, because these individuals are dependent on the mechanisms described above to maintain adequate GFR 3, 20 . The use of parecoxib after coronary-artery bypass grafting was associated with an increased incidence of cardiovascular events and should be avoided in patients undergoing this type of procedure 9 .
Blood pressure patterns were similar in the groups that received parecoxib (IP and NIP) and lower than in groups that did not receive parecoxib (I and NI). Also, treated animals had the lowest blood pressure levels at T3, regardless of whether they had been exposed to I/R injury.
The reduction in blood pressure was also observed in another study about the effect of parecoxib on renal function. The hypotensive effect in treated animals, combined with the diminished creatinine clearance and worse histology were associated with a negative effect of parecoxib on renal function, which was attributed to the non-activation of the renin-angiotensin-aldosterone system secondary to the inhibition of COX-2 by parecoxib. The authors also argued that COX-2 is of great importance for renal dynamics, especially in situations of imminent risk or renal injury 11 .
A study that evaluated the effects of intrarenal administration of parecoxib during suprarenal aortic crossclamping in pigs found that parecoxib attenuated renal impairment measured by kidney creatinine clearance and improved renal lactate balance. Additionally, no effects on the cardiovascular system of treated animals were observed, and the authors concluded that intrarenal parecoxib infusion positively affected kidney function 12 .
The reduction in blood pressure in the groups that received parecoxib was not pronounced and the blood pressure levels recorded were able to maintain RBF and GFR and not significantly increase NGAL serum levels.
NGAL serum levels were lowest at T1 and highest at T4 in all groups. In addition, NGAL levels were significantly higher in the Ischemia group (I), which was not treated with parecoxib, than in the IP, NI, and NIP groups. Conversely, at T4, NGAL levels in the IP group were similar to those in the NI and NIP groups, which had not been subjected to I/R injury, and lower than in the I group.
NGAL levels in the I group were higher at T3 and T4, confirming the precocity of this biomarker in serum measures only 50 min after injury (30 min of renal ischemia and 20 min of renal reperfusion). The use of parecoxib prior to I/R injury in the IP group was solely responsible for the lower NGAL levels in this group. Moreover, the use of parecoxib in the NIP group did not result in increased NGAL levels.
A similar study about the effects of indomethacin, a non-selective NSAID, and rofecoxib, a selective NSAID, showed that both NSAIDs were associated with improved renal function, as measured by blood urea levels. The authors also observed a reduction in proinflammatory cytokine levels and fewer histological lesions, especially in animals treated with rofecoxib.
Part of the renal injury secondary to ischemia/reperfusion is a consequence of the inflammatory response with involvement of COX-2 and prostaglandins, in addition to the production and secretion of chemokines, cytokines (IL-1, IL-6, IL-19, and TNF-α), and reactive oxygen species, gene activation, and cell infiltration. The use of NSAIDs inhibited part of this response, resulting in renal protection 22 .
No signs of histological lesions were observed in previously nephrectomized right kidneys and left kidneys that had not been subjected to ischemia (NI and NIP groups). Histological lesions were observed only in the Ischemia (I) and Ischemia/ parecoxib (IP) groups, and were more frequent in animals in the I group. The use of parecoxib was solely responsible for the lower frequency of lesions in the IP than in the I group. The medians of cell damage scores did not differ between the I and IP groups and were significantly higher in these groups than in the NI and NIP groups. Thus, parecoxib administration does not appear to determine lesion intensity in our experimental model.
Conclusion
Parecoxib provided renal protection to animals subjected to ischemia-reperfusion and its administration in non-ischemic animals was not responsible for renal injury based on NGAL levels and histological analysis.
